Adsorption potential distributions (APDs) were calculated from nitrogen adsorption isotherms for macroporous silicas, and for disordered and ordered mesoporous silicas without and with organic groups attached to the surface. It was shown that the APDs for porous silicas and organosilicas differ significantly from those obtained for carbonaceous materials, especially in the range of high adsorption potentials which correspond to low relative pressures. Although the high adsorption potential portions of APDs for porous siliceous materials are less informative than those for carbons, they are still useful for monitoring the changes in the surface properties due to the attachment of various organic groups.
INTRODUCTION
Porous silicas and organosilicas are widely applied in many areas of modern science and technology as adsorbents, catalyst supports, fillers, additives and chromatographic packings (Kruk and Jaroniec 1999; Vansant et al. 1995) . The numerous applications of these materials arise from their high surface areas, tailorable particle sizes, pore sizes and surface properties, and their high mechanical, thermal and chemical stabilities as well as their ease of surface modification. The latter is related to the appreciable surface reactivity of silanols toward organosilanes and other coupling agents, which creates tremendous opportunities for the design of the surface properties of these materials as required for the separation of mixtures (high-performance liquid chromatography, ion-exchange chromatography, size-exclusion chromatography, gas chromatography), catalysis and biochemical applications (Scott 1993; Unger 1990; Choma et al. 2003; Jaroniec 2007) .
The chemical reactivity of silanols towards organosilanes was found to provide an efficient way for the attachment of organic ligands of different sizes, surface coverages and functionalities (Vansant et al. 1995; Buszewski et al. 1994) . Modification of the silica surface often leads to dramatic changes in the adsorption behaviour, which is manifested by a significant change in the amount adsorbed and adsorption energy (Rudziński and Everett 1991; Kruk and Jaroniec 2001) . The adsorption of polar molecules, such as water, methanol, ethanol and triethylamine, and some non-polar molecules such as hexane and carbon tetrachloride, is affected by the presence of non-polar organic groups on the silica surface. Also, the presence of these groups on the silica surface affects the adsorption of nitrogen and argon gases (Kruk et al. 1999a; Choma et al. 2003) . For example, the replacement of silanols by alkyl groups on the silica surface leads to a significant reduction in nitrogen and argon adsorption at low pressures because the interaction energy of these gases with an alkyl-modified silica surface is smaller than that with unmodified silica. Thus, chemical modification of the silica surface with various organic groups is a powerful method for tuning the surface/energetic heterogeneity of siliceous materials.
The energetic heterogeneity of solid surfaces is usually characterized via the adsorption energy distribution (AED), which is obtained from adsorption isotherms by inverting the integral adsorption equation (Jaroniec 1983; Jaroniec and Madey 1988; Rudziński and Everett 1991 and references therein) . Although the AED has commonly been used for the quantitative estimation of the surface heterogeneity of solids, its determination is not an easy task since the solution of the afore-mentioned integral equation represents a so-called "ill-posed" problem (Jaroniec and Madey 1988; Rudziński and Everett 1991) . In addition, this solution is performed under the assumption of a local adsorption model, which makes it a model-dependent method.
An alternative to the AED is the adsorption potential distribution (APD), which is a differential function defined as the negative derivative of the relative adsorption, θ, with respect to the adsorption potential, A (Jaroniec and Madey 1988) :
The relative adsorption, θ, is the ratio of the amount adsorbed to the monolayer capacity; the adsorption potential, A, is equal to the negative change in the Gibbs free energy; P and P 0 denote the equilibrium pressure and the saturation vapour pressure, respectively; R and T denote the universal gas constant and temperature, respectively. Thus, the APD is a model-independent thermodynamic function that characterizes the adsorption system studied in terms of ∆G. This function provides information about the adsorbent heterogeneity (Rychlicki et al. 1996; . The basic thermodynamic functions such as differential enthalpy and entropy of adsorption can also be expressed in terms of the APD (Jaroniec 1987) ; however, multiplication of the APD by -dA/dw (where w denotes the pore width) gives the pore-size distribution (PSD), which is a model-dependent function because A(w) depends on the pore geometry . Since the APD is directly related to the basic thermodynamic functions and the PSD, it can be considered as a key thermodynamic characteristic of any adsorption system. It was shown previously that the APD is especially useful for characterizing microporous carbons (Kruk et al. 1999b; Gil 1998) and graphitized carbon blacks (Kruk et al. 1999c) . For highly graphitized carbon blacks [e.g., Carbopack F; see the low-pressure part of the nitrogen adsorption isotherm in Figure 1 (a)], the APD curve has a distinct and almost symmetrical peak [F1 in Figure 1 (b)] that reflects the formation of a monolayer, together with a spike [F2 in Figure 1 (b)] which arises from a small step on the adsorption isotherm [indicated by the arrow in Figure 1 (a)] corresponding to a two-dimensional fluid-solid transition (Kruk et al. 1999c ). The APD is a decreasing function over small values of A (multilayer formation range); for highly graphitized carbons, there is also a small peak on this decreasing segment of the APD [F3 in Figure 1(b) ], which is an indication of second-layer formation (Kruk et al. 1999c) . Three peaks are observed for microporous carbons (see, for example, the adsorption isotherm and the APD for carbon J in Figure  1 ); a small peak (J1) related to the filling of very small micropores, and two larger peaks (J2 and J3) reflecting the formation of a monolayer on the pore walls and the completion of micropore filling, respectively (Kruk et al. 1999b) . The decreasing segment of the APD at small values of A represents multilayer formation on the large pore walls and the external surface. Kruk et al. (1999b,c) have shown that the APD curves for carbons can be used for the determination of the specific surface area and pore-size distribution as well as for estimating the degree of graphitization. By combining the APD analysis with the α S -plot method (Jaroniec and Kaneko 1997) , it is possible to obtain valuable information about the surface properties of carbonaceous materials.
The aim of the present work was to examine the APD curves for macroporous and mesoporous silicas and organosilicas, and especially to check the utility of these distributions for the characterization of the afore-mentioned materials. The APD functions have been calculated from the nitrogen adsorption isotherms for selected samples, including unmodified and surface-modified conventional porous silicas as well as the hexagonally-ordered silica MCM-41.
EXPERIMENTAL
Experimental data reported previously for three types of siliceous materials were selected for the APD analyses. The first type of samples included macroporous (virtually non-porous) LiChrospher Si-1000 silica from EM Separations (Gibbstown, NJ, U.S.A.) and the same silica with chemicallyattached octyldimethylsilyl (ODMS) groups; these are referred to as Si-1000 and Si-1000 C8, respectively, below. Nitrogen adsorption isotherms measured at 77 K for Si-1000 and Si-1000 C8 have been reported by Jaroniec et al. (1999) and Kruk et al. (1999a) , respectively. The adsorption data were acquired using a Micromeritics ASAP 2010 volumetric adsorption analyzer (Micromeritics Corporation, Norcross, GA, U.S.A.). Figure 2 (a) shows these isotherms plotted in on a semi-logarithmic scale in the form of relative adsorption (i.e. the amount of nitrogen adsorbed divided by the monolayer capacity) as a function of the relative pressure.
The second type of samples included a chromatographic porous silica gel, Luna (Batch 35119), obtained from Phenomenex (Torrance, CA, U.S.A.) and a series of three samples of the same silica with different amounts of ODMS groups attached. The unmodified silica had a mean pore diameter of ca. 10 nm and a particle size of ca. 5 µm. This silica was modified with Kruk et al. 1999c ) and microporous carbon J (data reported by Kruk et al. 1999b) . The data points refer to the following samples: (a) ᭺, Carbopack F; , carbon J; (b) ᭺, Carbopack F; ᭹, carbon J.
n-octyldimethylchlorosilane to obtain three organosilica samples with different loadings of ODMS groups (Bereznitski et al. 1998) , i.e. samples with a bonding density of 1.20, 1.60 and 3.32 µmol/m 2 , respectively. These samples are denoted as Luna-1.20, Luna-1.60 and Luna-3.32 below, where the number refers to the bonding density of ODMS groups. Nitrogen adsorption isotherms for these samples are shown in Figure 2 
The third type of sample studied included a hexagonally-ordered mesoporous silica, MCM-41, with pores of ca. 5 nm diameter, which was synthesized using cetyltrimethylammonium bromide as a soft template (Sayari et al. 1997) , and a series of samples obtained by modification of this silica with n-octyldimethylchlorosilane (ODMS), n-butyldimethylchlorosilane (BDMS), trimethylchlorosilane (TMS) and 3-(aminopropyl)triethoxysilane (APS) as described elsewhere . The resulting samples are denoted as MCM-41, ODMS, BDMS, TMS and APS, respectively, below. Nitrogen adsorption isotherms for these samples are shown in Figure 2 (c).
The basic parameters for the samples studied such as their BET monolayer capacities, BET specific surface areas and single-point pore volumes were evaluated from the nitrogen adsorption isotherms: these parameters are summarized in Table 1 .
The APD curves were calculated according to equation (1) by numerical differentiation of the so-called characteristic adsorption curve with respect to the adsorption potential, A; the aforementioned curve was obtained by plotting the relative adsorption as a function of A.
RESULTS AND DISCUSSION
Nitrogen adsorption at 77 K is a standard and commonly-used method to determine the specific surface area, microporosity and pore-size distribution of mesoporous adsorbents; however, it is not often used to characterize the surface properties of non-porous and porous materials. It has been reported elsewhere [see Kruk and Jaroniec (1999) and references therein] that low-pressure nitrogen adsorption is significantly affected by the presence of surface organic groups, although to a smaller extent than that observed for the adsorption of polar or large non-polar molecules (Iler 1979). A decrease in the amount of nitrogen adsorbed at low pressures upon decoration of the silica surface with non-polar organic groups is clearly observed in Figure 2 , which presents the nitrogen adsorption isotherms onto all three types of silica samples studied plotted on a semi-logarithmic scale. Thus, Figure 2(a) shows the nitrogen adsorption isotherms measured on the LiChrospher Si-1000 silica samples with and without octyldimethylsilyl groups. Since each octyldimethylsilyl group replaced one silanol group, the surface of Si-1000 C8 was much less polar relative to that of the initial Si-1000 sample. At very low pressures, the same extent of nitrogen adsorption was achieved on the ODMS-modified silica surface at ca. twice the relative pressure necessary for the unmodified silica sample. A similar effect is observed in Figures 2(b) It is interesting to compare the low-pressure adsorption isotherms for the unmodified silica samples, i.e. LiChrospher Si-1000, Luna conventional porous silica and MCM-41 -a hexagonally-ordered mesoporous silica. The sub-monolayer nitrogen adsorption isotherms showed similar behaviours for these unmodified silica samples (figure not shown), which agreed well with our previous observations (Kruk and Jaroniec 1999) . This means that the surface properties of these silica samples were very similar relative to nitrogen molecules and were not affected by differences in the sample porosity. Note that these samples did not possess micropores (pore size < 2 nm). In the case of the microporous silicas, the low-pressure adsorption behaviours could have been affected by the presence of micropores, with this effect becoming more pronounced with decreasing micropore size (Kruk et al. 1997b) . Figure 3 depicts the adsorption potential distributions for the LiChrospher Si-1000 silica samples with and without octyldimethylsilyl groups [ Figure 3(a) ] and for a series of Luna silica samples with increasing concentration of ODMS groups [ Figure 3(b) ]. As can be seen from Figure 3 , the APD curves for the silica surface differ significantly from those for the carbon surface (Figure 1) . A comparison of the APD curves for non-porous graphitized carbon F [ Figure 1(b) ] and for almost non-porous LiChrospher Si-1000 [ Figure 3 (a)] shows that the APD for the former exhibited several features reflecting monolayer formation, fluid-solid transition and multilayer formation, while the APD for the silica surface was a decreasing, rather featureless, function. The observed difference in behaviour of the APDs for the carbon and silica surfaces reflects a substantially different mechanism for nitrogen adsorption onto the afore-mentioned surfaces. In the case of the graphitized carbon surface, which from an energetic viewpoint is much more homogeneous than the surface of amorphous silica, monolayer formation occurs first followed by fluid-solid transition and multilayer formation; in contrast, no distinct monolayer is formed on the silica surface due to its high energetic heterogeneity. As a consequence, the APD for the silica surface is a featureless decreasing function. Even attachment of ODMS groups to the silica surface does not change the general shape of the APD [see the APDs for Si-1000 and Si-1000 C8 in Figure  3(a) ]; however, the APD curve for the ODMS-modified silica surface decreases more rapidly than that for unmodified silica, indicating an increase in the energetic homogeneity of the former sample. Thus, that part of the APD curve at higher adsorption potentials, corresponding to the sub-monolayer range of the adsorption isotherm, can be used to monitor changes in the surface properties of silica upon its modification with organic groups. The sensitivity of the afore-mentioned range of the APD towards the extent of modification of the silica surface with organic groups is further illustrated by the data depicted in Figures 3(b) and 4. The latter figures show the APD functions for a series of Luna silica samples with an increasing concentration of ODMS groups and a series of MCM-41 samples having different organic groups, respectively. The first distinct feature of the APDs for both types of samples is the presence of a well-pronounced peak at lower values of the adsorption potential. This peak reflects the capillary condensation of nitrogen in mesopores and its position depends on the size of these mesopores.
It will be seen that capillary condensation of nitrogen in the large mesopores of the Luna samples occurred at a relatively high relative pressure corresponding to a low value of the adsorption potential; this peak is located at A =~0.13 kJ/mol, with its location being hardly affected by the increasing concentration of ODMS groups. This invariance in the peak position [ Figure 3 (b)] shows that the size of the large mesopores (ca. 10 nm) was little influenced by the changing concentration of ODMS groups [note that the APD is directly related to the PSD as shown by Jaroniec et al. (1996) ]. However, this was not the case for the MCM-41 samples containing organic groups of different length situated in small mesopores (ca. 5 nm). In this case, the changes in the height and position of the peak were more pronounced [Figure 4(b) ]. In addition, this peak was located at higher values of A (~0.5 kJ/mol) because the sizes of the mesopores in the MCM-41 sample were ca. one-half those in Luna silica. In conclusion, the observed changes in the shape and position of the APD peak induced by the attachment of organic groups are meaningful and can be used to obtain some information about changes in the porosity of the samples studied. In a similar manner to the LiChrospher samples [ Figure 3 Figure 4 ) caused a decrease in the APD values. This analysis shows that the APD range at higher adsorption potentials is sensitive to the amount of residual silanol groups. Thus, over this range, the APD curve diminishes gradually with decreasing amounts of accessible silanol groups, which can be achieved by the controlled replacement and/or screening of silanol groups by non-polar organic groups. Hence, further studies of this issue could lead to the development of an APD-based method for the quantitative characterization of chemically-modified siliceous materials. 
CONCLUSIONS
The current study shows that changes in the surface properties of silica induced by its chemical modification with organic groups are reflected by changes in the APD at higher values of the adsorption potential. Thus, at higher values of the adsorption potential, the APD function decreases more rapidly with increasing concentrations of non-polar organic groups as well as with the decreasing polarity of the attached organic groups. Thus, the energetic heterogeneity of the silica surface can be tailored by varying the polarity and/or concentration of attached organic groups.
Since low-pressure nitrogen adsorption is sensitive to the presence of organic groups on the silica surface (Kruk et al. 1997a; Kruk and Jaroniec 1999) , APD analysis of the sub-monolayer range of the adsorption isotherm may be used for monitoring changes in the surface properties of silica induced by the attachment of various organic groups. This analysis is model-independent because APD is a model-independent function, which is not the case for the analysis based on the adsorption energy distribution.
